

















using thepositivematrix factorizationmodel.Thiswork ischaracterizedby includingsomeorganic tracerswithin
PMFanalysis,throughwhichwecangetamoreaccuratesourceapportionment.Toourknowledge,thisisthefirst
workemployingorganic tracers for sourceapportionmentbyPMFmodel ina ruralareaofSpain.ToassignPMF
factorwithapossible source,authorshavebasedon thepresenceof tracer species.PMFapportioned thePM2.5
mass intonine factors.The factors included (1)evenn–alcohols/acids factor, (2)n–alkanes factor, (3) secondary
nitratefactor,(4)secondarysulfatefactor,(5)secondaryorganicaerosol,(6)palmitic/stearicfactor,(7)PAHsfactor,
(8) crustal factor and (9) lowmolecularweight alcohols/acids factor. Sixof these factors are related toprimary






















Organic fraction is a major component of atmospheric
particulatematter,beingmore significant in ruralareas (Alveset
al., 2001; Bi et al., 2005; Sharma andMaloo, 2005).As a result,
during lastyears thenumberofworks related toorganic fraction
has been increased significantly. This increase was due to the
growing concern about atmospheric aerosol because their
hazardouseffectsonhumanhealth(WHO,2003;Perezetal.,2008;








et al., 1993).Over the years, studies becomemorewidespread,
characterizinga largernumberofcompounds(Gogouetal.,1998;
Pioetal.,2001a;Guoetal.,2004).Currently,someauthorshave












Alves at al., 2010; Ladji et al., 2010).On the other hand,many
sources of organic aerosols have also been identified. Among
them, anthropogenic sources include fossil fuel combustion, coal
and wood burning, meat cooking, cigarette smoke, agriculture
debrisandresuspensionofsoilparticles,whileemissionofplants







such as factor analysis (FA), principal component analysis (PCA),
chemical mass balance (CMB) and lately, positive matrix
factorization (PMF) with the only aim of identifying sources of
particulatematter.However,fewstudieshaveperformedasource
apportionment methodology incorporating organic molecular
markerdatadue to the timeandeffortrequired tocollecta long




of uncertainties in the model that allows us to apply different
weightstodifferentvariables,takingintoconsiderationthelackof
precision of the analyticalmethods; thus it selects only rotated
solutions with positive contributions from the sources. Other
advantageisthatPMFcan identifyparticulatemattersourcesand






rural area and secondly to identify sources of PM according to
chemicalcharacterization.PMFmodelwaschosenbecause this is
thefirststudyaccomplished inthisareaandthereforethere isno
prior information about sources. Thus, chemical composition of
89samplesofPM2.5collectedover1yearhasbeenusedinorderto








Sampling tookplace inChapinería (altitude:675metersover











with quartz filters, previously baked out. Measurements were
taken between May 2004 and April 2005. Two samples were
consecutively collected each seven days. Sampling durationwas
24h.Eightynine sampleswere collected.Fieldblank filterswere
alsocollectedtosubtractconcentrationsduetoadsorptionofgas–
phaseorganiccomponentsonto thequartz filterduringandafter
sampling. Concentrations measured in blanks were negligible
exceptforstearicacidandpalmiticacid.

For each sample, PM2.5 mass concentration and chemical
composition were obtained. The analysis was separately
performed for organic and inorganic fractions. For this purpose,
filterswere cut into two subsamples. The analytical procedures





hand, an acid digestionwith HNO3 and HClwas performed and






solvents of increasing polarity. Four fractions were eluted to
provide a separate chromatographic analyses; alkanes, alcohols
and acids were subject to gas chromatographic–mass
spectrometric (GC–MS) analysis,performing aderivatizationwith
N,O–bis–(thrimethylsilyl)–trifluoracetamide (BSTFA) for polar
compounds,meanwhilePAHsweresubmittedtohighperformance
liquid chromatography (HPLC) with fluorescence detector. Also,
twogaseousspecies,NOxandozone,werecontinuouslymeasured
by Chemiluminescence and UV absorption respectively, and
includedintoPMFanalysis.

Uncertainties associated with organic compounds were
calculated individually.Briefly, five sources of uncertaintieswere
identified: sampling, extraction, clean–up, derivatization and
analysis, being extraction stage the highest contributor to












linear combinations of source emissions, which are derived as
factors in themodel. Thus,model supposes there are p sources
impactingareceptor,andlinearcombinationsoftheimpactsfrom
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
whereXijisthe(ixj)matrixofambientconcentrationsofjspecies
on the idays,Gik is the (ixk)matrix of sources contributions of
kfactors on idays, Fkj is the (kxj) matrix of source profiles of
kfactorsthatisspeciesj,andEijisthe(ixj)matrixofresidualsnot
fittedby themodel.The taskofPMFmodel is tominimize theQ
functionusing constrained,weighted least–squares.This function
isdefinedas:
2pn m
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whereSij isanuncertaintyestimate in the jspeciesmeasuredon
theidays.

To perform the PMFmodel, a qualitative knowledge of the
sources isonlyrequired,howeverPMFmodelalsohas limitations









and one with the uncertainties associated with those




EPA PMF1.1 was downloaded from the US EPA website
(http://www.epa.gov/heasd/products/pmf/pmf.html)andusedfor
the current analysis. This first version of themodel determines
signal–to–noise ratio (s/n) statistics for every input species.
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Moreover, themodel generates regression diagnostics, including
the intercept, slope, rootmean squarederrorand r–square.This








More than 90organic compounds, including alkanes, PAHs,
alcohols and acids,were separately determined. In addition, the
inorganic fraction (main ionic components and metals) was
quantified(Pindadoetal.,2009).Theɇn–alkaneandɇPAHsranged
from 3to81ng/m3 and 0.1to6ng/m3 respectively, being the
higher concentrations during colder months. Diagnostic
parameters suggested that alkanes were predominantly from
anthropogenic origin. However, there are evidences that some
alkaneswereoriginatedfromwaxplants.Ambientconcentrations





alcohols and fatty acids. Also, several components of secondary
organic aerosol have been quantified; thus, identification of
ɲ–pinenedegradationproductsconfirmsthebiogeniccontribution
toaerosol.Generally,concentrationsoforganiccompoundswere





In order to simplify themodel, some compoundswere not
includedinthePMFanalysis.Thosespeciesofeachfamilythatdo
not provide essential information related to its sources and also
showed low concentrations, for instancealkaneshigher thanC33,
and alcohols and acidswith odd number of carbons have been
omitted. On the other hand, some compounds were grouped
accordingtothecategorizationpreviouslymadebyShrivastavaet
al.(2007).Forinstancepinonicacid,pinicacidandnorpinonicacid
were grouped because of their recognized biogenic secondary
origin.Oleic, linoleicandpalmitoleicacidshavemainlyaprimary
source, and azelaic acid is a degradation product of unsaturated
acids(Vesnaetal.,2009).Forthisreason,azelaic,oleic,linoleicand
palmitoleicacidsweregrouped.Thus, finallywechose66species
for PMF analysis. Table 1 summarizes average concentrations of













species and uncertainty was set 4times the geometric mean
(Polissar et al., 1998). Among the 66 species chosen, 14 were
removed from the computation because they were frequently
presentatconcentrationsbelowthedetection limitand6species
were considered “weak”. Hence, fifty–two variables have been
chosen to develop PMF, including alkanes, PAHs, alcohols,
saturated acids, unsaturated acids, ɲ–pinene degradation
products,metals,main inorganic ions, gaseous species and total







contributions associatedwith the factor,where the contribution
average to 1. In order to identify source types, the resolved
sources profiles from PMF analysiswere comparedwith known
profilesobtainedfrompreviousworks(Roggeetal.,1998;Schauer





alcohols C24, C26, C28, C30 and acids C24, C26 and C28. These key
specieshavebeenassociatedwithprimarybiogenicemissionssuch
asplantwaxesby several authors (Simoneit, 1989;Huang et al.,





show a clear seasonalbehaviourwithhigher autumn andwinter
values,dueto leaves fall.Furthermore,this factorshowedsimilar
pattern for weekdays and weekends, being consistent with
biogenicemissions.

Second factor grouped 50%–90% of aliphatic hydrocarbons
between n–C24 and n–C33. Alkanes have been associated to any
combustionprocesses(Bietal.,2002;Bietal.,2003;LinandLee,
2004; Fengetal.,2005).The slightpresenceofoddn–alkanes is
alsoconsistentwithprimarybiogenicemissionsaswaxplants.The
rest of variables comprise less than 10%, uniquely is remarkable
20%ofNOxinvolvedinthisfactor.NOxisrelatedwithcombustion
processes.These resultsmay suggest it should come frommixed
sources. However a slightweekly pattern,with higher values in
weekdays implied an anthropogenic origin. Also, the time series
show higher contributions during winter. This may reveal a
residential burning contribution (Karanasiou et al., 2009). Thus




so itwas identified as secondary nitrate. The secondary nitrate
particlescontainhighconcentrationsofNO3–andNH4+.AlsoNOx,
which is a precursor of nitrate, has a large contribution to this
factor.ThemainsourcesofNOx intheatmospherearetrafficand
stationary sources.The secondarynitratedonot showsaweekly
variation, which might indicate a relationship with traffic
emissions. Moreover, secondary nitrate showed an important
content of TC, which could be attributed to the semi–volatile
organiccompoundscondensingontosurfaceofammoniumnitrate
particles (Amatoetal.,2009). Inaddition, the seasonalevolution
showshigherconcentrationsinwinter,whenlowtemperatureand
high relativehumidityhelp to the formationof secondarynitrate
particles(KimandHopke,2008;Nicolasetal.,2008).Inourstudy,
secondarynitrateshowedthehighestcontributionduring22/Nov
and 12–13/Jan. On this period, low temperature and high
humidity conditions favoured an accumulation of atmospheric
pollutants.

The species contributing to fourth factor are sulfte, nitrate,
Na,Clandozone.Sulfateionisformedthroughdifferentoxidation
reactionsofSO2,which is released to theatmosphereby several
combustion processes. This factor has also shown a high
contribution forozone, suggesting sulphurdioxidecan reactwith
ozonetocreatesulphate.Typically,secondarysulphatetendstobe
abundant inwarmer daysdue its formation from photochemical








deviation Maximum Minimum BDL(%)
b Missingvalue
(%)
Particles(ʅg/m3) PM2.5 16.9 11.0 64.1 3.1 0 0
TC 4.0 2.7 16.6 0.03 0 0
Ioncomponents NO3Ͳ 1.1 2.7 17.6 0.02 0 0
(ʅg/m3) SO42Ͳ 1.8 0.9 4.3 0.02 0 0
ClͲ 0.05 0.04 0.31 0.01 3 0
Na+ 0.1 0.0 0.3 0.02 0 0
 NH4+ 0.9 0.9 6.5 0.02 0 0
Elements K 0.1 0.1 0.5 0.02 2 0
(ʅg/m3) Ca 0.3 0.3 1.5 0.04 0 0
Mg 0.0 0.0 0.1 0.02 18 0
Al 0.1 0.2 0.8 0.02 0 0
Fe 0.2 0.2 1.0 0.02 0 0
Pba 5.5 6.2 43.8 0.8 1 30
Sra 1.3 1.4 6.0 0.2 1 0
Zna 28.7 17.3 85.0 7.7 0 0
Baa 4.5 4.0 23.4 0.8 0 0
Cua 38.2 25.9 149.0 4.0 0 0
Nia 2.1 1.8 7.1 0.4 18 30
Gases NOx 13.8 11.1 65.7 1.04 0 0
(ʅg/m3) Ozone 64.9 23.6 116.4 8.89 0 0
AHs AlkaneC23 2.0 1.5 7.9 0.1 0 0
(ng/m3) AlkaneC24 2.0 1.5 8.3 0.2 0 0
AlkaneC25 2.1 1.5 9.1 0.1 0 0
AlkaneC26 1.7 1.3 6.1 0.0 0 0
AlkaneC27 1.8 1.4 6.5 0.1 0 0
AlkaneC28 1.3 1.1 6.8 0.1 2 0
AlkaneC29 2.0 1.8 9.2 0.1 1 0
AlkaneC30 1.0 1.2 10.6 0.0 6 0
AlkaneC31 1.6 1.7 11.0 0.1 8 0
AlkaneC32 0.6 1.0 8.7 0.0 10 0
AlkaneC33 0.9 1.1 5.3 0.0 17 0
Fitane 1.1 0.5 2.9 0.4 14 17
 Pristane 0.8 0.5 3.4 0.1 4 17
PAHs F 3 3 21 0.2 24 14
(pg/m3) Ph 74 53 366 4 2 14
An 8 25 214 0.2 11 14
Fl 96 67 391 10 7 14
Py 190 209 1 054 9 3 14
BaA 98 122 621 7 2 14
Chr 217 211 941 18 2 14
BbF 162 171 844 3 1 14
BkF 59 69 344 4 6 14
BaP 115 179 1 056 3 2 14
DBA 19 22 102 0.4 26 14
BghiPe 256 339 1 871 6 1 14
Alcohols AlcoholC14 25.4 13.2 65.1 0.3 0 2
(ng/m3) AlcoholC15 4.7 5.3 19.8 0.3 50 2
AlcoholC16 9.9 9.0 43.2 0.2 18 2
AlcoholC18 7.2 5.1 19.5 0.3 9 2
AlcoholC24 3.1 5.1 27.2 0.1 36 2
AlcoholC26 4.3 7.2 46.5 0.2 41 2
AlcoholC28 3.3 3.4 18.3 0.3 51 2
 AlcoholC30 1.7 1.6 6.9 0.1 73 2
Acids AcidC12 15.6 8.9 47.6 1.4 0 4
(ng/m3) AcidC13 5.1 5.0 25.2 0.1 11 4
AcidC14 18.0 9.5 59.1 2.6 0 4
AcidC15 10.7 6.4 26.2 0.1 9 4
AcidC16 56.5 57.0 404.4 0.1 1 4
AcidC17 4.7 4.5 19.3 0.1 37 4
AcidC18 25.8 27.9 203.4 0.1 13 4
AcidC24 16.4 20.4 101.8 0.7 47 4
AcidC26 8.1 7.4 35.0 0.6 58 4
AcidC28 3.8 3.0 14.9 1.3 61 4
AcidC30 2.9 2.0 8.3 1.1 73 4
Unsaturatedc 14.6 20.3 114.5 0.1 32 7
 Pinene







Species Categorization Intercept Slope RMSE r2 Residuals(%)
TC Strong 0.18 0.86 0.93 0.86 2
NO3
Ͳ Strong 0.11 0.79 0.32 0.98 0
SO4
2Ͳ Strong 0.19 0.81 0.44 0.75 1
ClͲ Strong 0.01 0.65 0.02 0.71 0
Na+ Strong 0.05 0.05 0.01 0.02 2
NH4
+ Strong 0.02 0.93 0.16 0.97 0
K Strong 0.04 0.75 0.07 0.82 2
Ca Strong 0.04 0.76 0.07 0.88 0
Mg Strong 0.02 0.51 0.02 0.71 1
Al Strong 0.06 0.75 0.11 0.91 0
Fe Strong 0.01 0.88 0.06 0.92 1
Sr Strong 0.29 0.42 0.37 0.67 0
Ba Strong 1.73 0.28 1.39 0.39 4
AlkaneC23 Strong 0.15 0.79 0.62 0.78 1
AlkaneC24 Strong 0.13 0.86 0.39 0.92 0
AlkaneC25 Strong 0.23 0.82 0.43 0.90 0
AlkaneC26 Strong 0.07 0.89 0.36 0.91 0
AlkaneC27 Strong 0.08 0.91 0.39 0.91 0
AlkaneC28 Strong 0.28 0.71 0.53 0.67 0
AlkaneC29 Strong 0.36 0.72 0.73 0.76 0
AlkaneC30 Weak 0.52 0.29 0.56 0.29 0
AlkaneC31 Strong 0.45 0.53 0.76 0.59 0
AlkaneC32 Weak 0.32 0.23 0.40 0.25 0
AlkaneC33 Strong 0.15 0.48 0.36 0.65 3
BaA Strong 0.01 0.75 0.03 0.90 1
Chr Strong 0.01 0.89 0.06 0.91 0
BbF Strong 0.00 0.95 0.04 0.94 0
BkF Strong 0.00 0.99 0.01 0.95 0
BaP Strong 0.02 0.72 0.04 0.89 1
DBA Strong 0.00 0.70 0.01 0.76 3
BghiPe Strong 0.02 0.84 0.08 0.92 0
AlcoholC15 Weak 3.08 0.33 2.00 0.44 0
AlcoholC16 Strong 4.03 0.38 3.51 0.49 1
AlcoholC18 Strong 2.73 0.48 2.30 0.54 0
AlcoholC24 Strong 0.20 0.54 0.92 0.87 0
AlcoholC26 Strong 0.10 0.51 1.03 0.75 0
AlcoholC28 Strong 0.13 0.56 1.09 0.68 1
AlcoholC30 Strong 0.21 0.32 0.17 0.79 0
AcidC12 Weak 6.77 0.41 5.20 0.34 0
AcidC14 Weak 8.58 0.40 5.65 0.31 0
AcidC15 Strong 1.87 0.77 3.05 0.72 0
AcidC16 Strong 4.54 0.80 14.11 0.75 2
AcidC17 Weak 3.01 0.36 1.76 0.46 0
AcidC18 Strong 5.05 0.65 8.56 0.72 1
AcidC24 Strong Ͳ0.63 0.81 5.79 0.84 10
AcidC26 Strong Ͳ0.37 0.95 2.61 0.82 7
AcidC28 Strong Ͳ0.9 1.10 0.81 0.92 3
AcidC30 Strong 0.16 0.05 0.07 0.57 16
Unsaturated Strong 5.83 0.28 6.60 0.28 2
Pineneproducts Strong 7.50 0.41 9.70 0.51 0
NOx Strong Ͳ0.08 0.83 5.49 0.74 6
Ozone Strong 9.80 0.77 16.07 0.53 3
No.ofFactors:9 Q(robust)=Q(true)=4 666.61

sulfate is a tracer of long–range transport, so presence ofNaCl,
which is related tomarine aerosol, confirms there is a regional
transport (Chan et al., 2006). For these reasons, secondary





areas and was subject to transport processes. Average value
calculated at Chapineria was 11.9, confirming a transport
phenomenon.

The fifth factorexplains80%of ɲ–pineneproductsdegradaͲ
tion and unsaturated acids. The threemeasured species categoͲ




Unsaturated acids involve oleic, linoleic, palmitoleic and azelaic
acid.Mostofthespeciesassociatedwiththisfactorarerelatedto
organic secondary components, although some of them
(palmitoleic, linoleic and oleic acids) have other primary sources
suchasmeatcooking;thereforewemayconcludethatthisfactor
representsthesecondaryaerosolbuttherearealsomixedsources
due to the grouping of the species. This factor showed a slight
seasonal pattern, exhibiting higher contribution during summer.
This fact is in agreement with the known trend of secondary
organic aerosol (SOA) to be mainly formed during warm days,

































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Bothcompoundsareelevated in sourceprofiles suchasseedoil,
meat cooking (Duttonetal.,2010)andotherprimary sourcesas
trafficemissionsormicrobial sources.Also,high contributionsof
acidsandalcoholswithlessthan20atomsofcarbonarerelatedto
microbial sources (Simoneit andMazurek, 1982; Yue and Fraser,
2004). The occurrence of NaCl in this factormight also confirm
cookingemissions.This factordoesnot showa clear seasonality,
which points to cooking emissions rather than traffic emissions.
However, since important tracers toapportion cookingemissions




Factor 7 describes 60%–80% ofmost PAHs included in the
model.Acontributionof15%ofNOxandKisalsoexplainedinthis
factor.PAHsareassociatedwith incomplete combustionof fossil
fuelsmeanwhileNOxandKarealsorelatedwithcombustion




















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































theweekdays,a trendnot clearly shown in factor2.Thisweekly
variabilitysuggestsanthropogenicoriginandcanbeattributed to
trafficemissions.The ratioofBaA/(BaA+Chry)was0.31,which is
very close to those reported in previous studies: 0.27 in diesel
vehicles(Moonetal.,2008)and0.40ingasolinevehicle(Kavouras
et al., 1999).This factor cannot differentiate between exhausts
fromdieselorgasolineengines.

The eighth factor grouped Ca, Mg, Al, Fe, Sr and Ba. The
percentage apportioned for these species to this factor ranged
from50%to80%.Allspeciesassociatedwiththisfactorarerelated
to crustalmaterial. This factor showed a contribution six times
higherthanmeanvalueinthreeperiods;September2004,October
2004 and March 2005. During these days, three long–range
transport processes of desert dust from Saharawere registered
(Gomez–CominoandArtinano,2006;Salvadoretal.,2008).Those
dust episodes transported from Sahara Desert have been
extensivelyanalysed(Nicolasetal.,2008;Amatoetal.,2009;Viana




than 20atoms of carbon. According to previous works, these
alcohols are associatedwithmicrobiological emissions (Zheng et
al., 2000; Alves et al., 2001; Pio et al., 2001b);meanwhile acids




al.,2007). Thus factors6 and9 are closely relatedbecauseboth
showedmarkers of cooking andmicrobial origin.However, PMF
modelhaveseparated themdue to thehighcontributionofeven
alkanes to factor 9. Even alkanes are characteristic from
anthropogenic sources suchas trafficandbiomassburning (Biet
al.,2002;Bietal.,2003;LinandLee,2004;Fengetal.,2005).Since




Modelperformance. The abilityof thePMFmodel to reproduce
themeasured PM2.5 concentrationwas evaluated by comparison
betweenmeasuredandpredicted concentrations.Figure4 shows
thesumofconcentrationmeasuredforallspecies included inthe
model (abscissa) versus the sumof concentrations calculated for
allspeciesbythemodel(ordinate).Thecorrelationcoefficientwas
0.99,indicatingthatthe9factorsolutionaccountforthevariation
in mass concentration of species. The slope of the correlation






compoundsassociated toPM2.5 fractionofaerosolpresent in the
rural site has been performed along one year. The families of
organic compounds consistently quantified were alkanes, PAHs,
alcohols and carboxylic acids, meanwhile inorganic compounds






























































emissions sources. Fivemajor ions,11speciesof traceelements,






secondary nitrate, secondary sulfate, secondary organic aerosol,
palmitic/stearic acids, PAHs, mineral and low molecular weight
alcohols/acids.Sixofthesefactorsarerelatedtoprimaryemissions
and three of them are categorized as secondary aerosols. PMF
identified two mixed sources, factor 6identified as cooking
/microbial and factor 9identified as amixed source. In light of
these results,although the samplingareawas considereda rural
area, a clear influence of anthropogenic emissions was found,
whichpointsoutclearlyChapineríaasasemiruralarea.

This work exhibited the usefulness of PMF to identify and
interpret emission sources, although some evidence of
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